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PREFACE

This final report summarizes the results of the Dual-~ode Locomotive-­
Preliminary Design Study. It is submitted to the Transportation Systems Center
by the AiResearch -Manufacturing Company of California, a division of The Garrett
Corporation, in accordance with U.S. Department of Transportation Contract No.
DOT-TSC-1349, Modificatiqn No. 1 dated August 9, 1978. It is part of the
Wayside Energy Storage Study Final Report which comprises four volumes as
follows:

Volume No. Title

1 Summary
2 Deta i I ed Descr I ption of Anal ys I s
3 Eng i neer i ng Econan ics AnaI ys i 5 Data

and Resu Its
4 Dual-Mode Locomotive - Pre! iminary

Design Study
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SUMMARY

This report examines theteasibil ity of the'dual-mode locomotive having
both a diesel and an electric capabi I ity. The conclusion reached is that, by
careful attention to detail, the concept of the dual-mode locomotive' is tech­
nically feasible. An attempt has been made to reduce the cost of the modifica­
tion by uti! izing as many existing components as possible without modification.
Where modifications are necessary they have been kept as simple as possible.

The 5040 and SD40-2 locomotives, on whi c h the conversion 15 based, are
among the most rei iable locomotives of their type and care was taken not to
impact the diesel mode operation.

Full uti I ization of the traction motor within its pub! ished current,
voltage, and power I imitations results in a higher powered locomotive in the
electric mode. Therefore, if the steepest grades are traversed in .the electric
mode, above base speed (all railroads contacted provide sufficient power to
negotiate all grades above base speed, even for drag operations) a saving in
locomotives results.
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SECTION 1

INTRODUCTION

The purpose of this study was to confirm the technical feaslbl I ity of the
dual-mode locomotive (DML) fol lowing Its Identification In the Wayside Energy
Storage Study Final Report. That study showed that the DML could be used to
enhance the existing rai I road operation and by and large made use of :8xisting
equipment.

PROGRAM OUTLINE

The specific task which was added to the Wayside Energy Storage Study
statement of work cal led for the fol lowing:

Item 4 - Locomotives - add the fol lowing Paragraph b.

b. Conduct a prel imlnary study of the Dual-Mode Locomotive that
wI I I inc Iude the fo I low ing:

Determine the extent of modifications necessary.

Develop prel iminary specifications for new components.

Define control requirements.

Identify locomotive structural modifications.

Prepare prel iminary layouts.

PROGRAM METHODOLOGY

The basic concept of the DML previously identified was re-examined to
determine whether a more cost-effective. and technically acceptable version
existed. The original concept did not take into account the intention of the
Association of American Rai Iroads (AAR) to develop the "clean cab", positioning
much of the equipment now located In the cab, in the short front hood. This
clean cab has resulted in the toi let being positioned much further forward In
the short hood in order to accommodate radio equipment, the water cooler, etc.
As a result it was necessary to reposition the electric mode equipment to
minimize the volume required at the front of the locomotive.

LOCOMOTIVE CONCEPT

The. dual-mode Iocomotl ve is bas i ca I IY a diesel Iocomoti ve with the abl I ity
to operate from a 50 kV (or 25 kV) catenary. This dua I mode concepti s not
new. Since the advent of electrified rai Iroads the concept of a vehicle which
could be self or electrically propelled has been pursued to meet particular
operating needs. The end of an electrified section (no matter how long that
sectipn may be) is a Iways an embarassment to the operati ng department and a
bottleneck to the customer.

i-1
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Normally a dual-mode vehicle operates at reduced performance in the
secondary mode. In the case of the DML based on the SD40-2 Iocomot ive th is
wi I I not be the case due to that locomotive being equipped with traction motors
having a power capabi I ity in excess of the prime mover. The removal of the
prime mover I imitation by supplying power from a catenary enables the traction
motors to be fully uti I lzed , From this lncreasevl n-powerrcapab l I ity, it, is
possible to reduce the size of the locomotive fleet by maintaining maximum
tractive effort to the adhesion, rather than prime mover, I lrnit ,

DUAL MODE LOCOMOTIVE ADVANTAGES

The benefits of the DML With or without WESS may be summarized as
follows:

• Increased tractive effort avai lable at speeds above the minimum con­
tinuous rating speed results in either;

(a) Fewer locomotives required, or

(b) Shorter journey times

• The concept of evolutionary electrification becomes possible, whereby
rai lroads, for a modest outlay, can gradually electrify a major route
and steadily reduce the diesel locomotive fleet as DML's become avail­
able and thereby reduce the dependence of the rai Iroad operation on
petroieum products

• The DML has the benefit of the mass production of the mechanical parts
assoc iated on Iy wj th d iese I Iocomot ives in the U.S. and is therefore
cheaper than an electric locomotive

The WESS study has assumed that the rai Iroads wi I I reduce the size of their
locomotive fleets rather than aim for shorter journey times. This is because
the evaluation of the benefit of shorter journey times involves the use of pro­
prietary information not avai lable at this time. A reduction in the fleet size
shows the fol lowing significant savings:

(1) Capital Cost

The smaller fleet size results in an immediate capital saving brought
about by the transferring of locomotives to other duties.

(2) Locomotive Replacement

The number of locomotives to be replaced annually is reduced because
the same percentage of a smaII er fleet is rep Iaced each year.

(3) Idl ing Fuel

A typical road locomotive spends 12 hours/day idl ing (of which it has
been ~stimated that 8 hrs is unnecessary). At a rate of 5.5 gal/h
(for an SD40) this amounts to 44 gal/day or 13,640 gal/year/locomotive.
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Clearly significant energy saving is avai lable in this area.

(4) Dead Iveight

The reduction in the number of locomotives reduces the total weight
of the train and improves the peak hp/total ton ratio.

(5) Maintenance

Significant locomotive maintenance sav Inq s result since the r eme i n i nq

fleet does not have its mi [eage for locomotives increased significantly.

1-311-4
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SECTION 2

EXTENT OF MODIFICATIONS

BASIC LOCOMOTIVE

The locomotive to be considered for this modification is the most common
in the U.S.; the General Motors, Electro-Motive Division (EMD) SD40 and its
derivative, the SD40-2. This locomotive type accounts for approximately 30
percent of the road locomotives in service in the U.S. (reference 1.) ..*

The SD40-2 is a six axle C-C locomotive equipped with a 16-645E 2 cycle
diesel engine which is able to supply 3100 hp to the main alternator and recti­
fier assembly, from which direct current is suppl ied to the six series field
traction motors.

The locomotive weight, as bui It is nominally 368,000 Ib and may be bal lasted
to 410,000 Ib (reference 2), giving a maximum axle load of 68,330 lb. It is
the ballasted weight which has been used for all locomotive performance calcu­
lations. It is recognized that it is desirable to reduce axle loads, particularly
because of track maintenance considerations, but in order to fake full advantage

. of the potential energy savings resulting from the deployment of WESS and
the OML it is necessary to adopt the heavier axle loading. A lowering of the
axle load may result in lower energy savings due to reduced braking performance
and a decrease in the Return on Investment (ROI).

The use of separately excited motors previously recommended in this study
has not been rejected, even though the current design uses unmodified EMD 077
traction motors. In the interest of clarity it is recommended that the case
for separately excited traction motors be investigated as a separate issue,
taking into account such advantages as a higher tractive effort for the same
axle load due to weight transfer compensation.

The general arrangement of the SD40-2 is shown in Figure 2-1 (reference 3).

The standard locomotive is designed for dynamic brake operation (if required
by the rai Iroad) and it is this control circuitry which wi II be used to control
regenerative braking during electric mode operation.

Before determining the extent Of the modification required to the basic
SD40-2 locomotive, it is necessary to establ ish the power circuit to be used
and the method of its control, thus enabl ing interfaces with existing equipment
to be identified and defined.

POWER CIRCUIT

A number of options exist in the choice of the power circuit to be adopted
for the DML in both the diesel and electric modes. It is necessary to determine
the phi losophy of the locomotive conversion before the options can be evaluated.
Clearly the characteristics of the locomotive must not be impaired in the diesel
mode but it may· be permissible to accept a lesser or greater performance (in

*References are I isted in Section 9 of this report.
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terms of control, etc.) in the electric mode if a positive financial trade-off
can be identified. It is desirable therefore, to consider all the relevant
characteristics of the existing 5040-2 locomotive and use these as the basel ine
to evaluate the DML circuit options avai lable.

ESTABLISHED CHARACTERISTICS OF SD40-2 (BASELINE)

Electrical

A diesel enqine driven alternator (Model ARlO), operating over a 3i5 to
900 rpm speed ranqe is the source of electrical power for traction. This is a
iO pole rotating field machine with 3-phase output. The field supply is derived
from the auxi I iary alternator (Model Di4) which is mechanically attached to, but
e Iectr ica I IY separated from, the AR 10 ma ina I ternator. The ac output from the
rotating machine is rectified to give a de supply with a ripple level of approx r­
mately 3 percent. The ripple frequency varies from approximately 52.5 Hz to
150 Hz, dependent on alternator speed.

The six traction motors are the 077 model. This is a dc series field
machine, the characteristics of which are shown in Figure 2-2. The motor frame
is of sol i d iron construction. The el imination of field weakening has reduced
the incidence of flashover by 50 percent. Rai I roads have described the commuta­
tion of this machine as adequate but not exceptional. This aspect wi i I require
careful study when operating in the electric mode on dc with a ripple content
significantiy higher than that which is present in the diesel mode.

When accelerating from rest or slow speed, the traction motors are con­
nected in three paral leI groups of two series pairs across the rectifier dc
output (shown in principle in Figure 2-3a). The excitation of the main generator
is used to regulate the output voltage at sensibly constant current, thereby
resulting in a control led acceleration of the locomotive. The current appl ied
to the traction motor during slow speed operation is determined by the voltage
app lied to the motor and the back emf generated by that motor. As the motor
back emf increases, the appl ied voltaqe is increased to maintain the required
net voltaqe across the motor. For the enqine rpm selected (determined by
the throttle position), there is a I imit to the power that can be developed
(proportional to the volt-amps product). When the power I imit is reached, the
voltaqe generated cannot be increased to maintain same net voltage across the
motors. From this point on (called the motor base speed), the motor current
falls as the back emf overcomes the generated voltage. The rate at which this
current reduction takes place is lessened by the abi I ity of the alternator to
maintain an approximately constant volt-amp product. Therefore, as the current
demand decreases, the voltage appl ied can increase by alternator excitation
adjustment, maintaining a constant volt-amp product and thereby reducing the
rate of fal i of current. The result is that the motor is able to produce a
constant power output over a wide speed range.

It wi II be seen from the above that there are two major criteria which
determine the size of the alternator:

(a) Maximum output current

(b) Maximum output voltage

2-3
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(a) before

(b) after

Figure 2-3. Power Circuit Transition

2-5



It is to minimIze the effect of these two constraints that the motors are
connected in 3 paral leI groups of two series pairs af low locomotive speeds
(when voltage is a I imiting factor). The changeover from one configuration
to the other is cal led transition and occurs in the speed increasing mode at
approximately 600 amps motor current~ The conditions 'before and after transi­
tion are shown in Figure 2-3. This al iows the alternator to be sized for
approximately 3600 amps (de output) and 1000 v (de output) rather than 6300
amps (the total traction motor continuous rating) if the motors were in per­
manent paral lel , or 2000 volts if the motors were connected in permanent series
para lie I•

When braking electricaJ Iy, the traction motor armatures are connected in
series-parallel with the braking grids. All motor fields are connected in
series with the alternator , therefore , the traction motors operate as separately
excited de generators. The braking effort produced is determined by the field
excitation which in turn is determined by the main alternator output voltage.
This is related to the position of the dynamic brake handle and is therefore
under the direct control of the engineer.

From the above it wi I I be seen that in the event of wheel spin/sl ide, it
is only possible to reduce the tractive/braking effort on al I axles. It is not
possible to individually control the tractive/braking effort appl ied to each
axle.

Performance

The fundamenta I parameters requir j ng def initi on before descr i bing the
locomotive performance are:

(a) Adhesion

(b) Axie load

The Air Brake Association (reference 4) defines the variation of average
adhesion with speed to be as shown in Figure 2-4 for dry rai I with good joints
and sl ight dirt and oi I contamination. This average value takes into account
the weight transfer that occurs when tractive or braking effort is appl ied by
a traction motor to the wheel and is a function of truck/locomotive geometry.

The adhesion level assumed is a question of confidence. TheoreticallYI
the coefficient of friction between wheel and rai I can exceed 0.5 but this
value cannot be reJ iably achieved in practice due to excessive rai J contamina­
tion , weather conditions , bad joints , and track geometry. It is the question
of confidence which leads each rai Jroad to determine its own adhesion leveJ
based on many years of operating experience. For this study 1 the Air Brake
Association data was used.

Definite advantages have been shown for welded rai lover jointed rai I
(particularly if the iatter is in poor condition) as far as assumable adhesion
level is concerned 1 but no advantage was claimed for this aspect in the study
although this wi I J become more significant as the rai lroads progress with their
welded rai I programs.

2-6
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Figure 2-4. Variation of Average Adhesion with Locomotive Speed

From the Wayside Energy Storage Study Volume 2 it can be seen that the
power available at the rail to move the train is 2590 rail horsepower (rhp) of
the 3100 shaft horsepower (shp) available.

The maximum continuous current allowable for the 077 traction motor (refer­
ence 5) is 1050 amps which, at the most common gear ratio (62:15) results in
13,850 Ib tractive effort and a maximum locomotive speed of 65 mph (reference 5).
With the above parameters defined the upper boundaries of the locomotive perform­
ance are defined and are shown in Figure 2-5.

It can be seen therefore that in normal operation the S040-2 locomotive
under the assumed conditions is prime mover I imited in the tractive ef'--=--,-r----­
can prod uce ,

The dynamic brake maximum performance is shown in Figure 2-6 with and
without the extended range feature (reference 5). In dynamiC brake each motor
is developing 640 r hp , This maximum performance is obtained with an armature
current of 700 amps and a field current of 975 amps. The I imit on the dynamic
brake performance is the rating of the resistor grids (reference 6) since the
motor is rated for a continuous current of 1050 amps in both field and armature
simultaneously. Therefore, if the armature current could be increased, then
the braking power capabil ity of the locomotive could be increased significantly
since the braking power varies as the square of the armature current.
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When considering braking it is essential to insure that the adhesion level
assumed is virtually always available. For this reason the adhesion level
assumed in brake should be lower than that assumed in motoring. Figure 2-7
shows the motoring adhesion curve already establ ished and the adhesion curve
required under braking conditions for the defined motor performance and braking
grid capacity.

',J-
PROPOSED CHARACTER ISTICS OF DUAL MODE LOCOMOT IVE

Before the various options available can be evaluated, it is necessary
to clearly define the basic objective in terms of overal I locomotive response
compared with the existing diesel locomotive performance. In no case may the
DML response be worsened in the diesel mode. The possible objectives are:

(a) Electric and diesel mode control equivalent to basel ine.

(b) Electric mode control superior to basel ine with diesel mode control
unchanged.

(c) Electric and diesel mode control superior to basel ine.

The options avai lable to meet each of the above are described below. In
'al I cases it is proposed to operate the motor at the maximum rated power •

Figure 2-7. Adhesion Values for Motoring and Braking
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Base line Performance

The operation, control and performance of the locomotive in the diesel
mode are unchanged. In the electric mode, the power circuitry remains the same
with, in principle, the main transformer taking the place of the alternator.
This option has the advantage of using the existing traction motors without
the need for modification. The constraint of adhesion previously indicated by
reference 4 appl ies equally to the electric mode. It is often (wrongly) stated
that an electric locomotive has more adhesion than a diesel locomotive. It is
inaccurate to state that a locomotive has an adhesion capabil ity since adhesion
is the coefficient of friction between the steel rai I and the steel wheel and
is independent of the locomotive type (apart from second order effects such as
ambient dirt around a locomotive which would be worse for a diesel locomotive).
Therefore, the same adhesion constraint applied to the 5D40-2 will be applied
to the DML.

It is known that the D77 motor has a rating of 536 kW (input) (reference 7).
Operation in the electric mode al lows the prime move I imitation on power devel­
oped to be el iminated and replaced by the traction motor I imitation assuming
that the transformer rating is adequate for the motor rating. Therefore, maxi­
mum continuous current can be maintained to either the adhesion I imit or the
motor power I imit, whichever is the more restrictive. Figure 2-8 shows the
interaction of these two I imitations and that the I imiting condition is the
traction motor performance.

Figure 2-8. Interaction of Adhesion and Motor Power Limitations
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The I imit of constant current operation is defined by the. I lmlr of the
volt-amp product of the motor. As the motor speed increases, the current tends
to fa I i due to the rise in back emf. The motor has the capab il i ty to accept an
increase in appJ ied voltage so the next decision required concerns:thecharac­
teristics of the power and control supply equipment.

A conventional electric locomotive (above base speed) performs at,an essen,
t ia I IY constant vo Itage, determ ined by the catenary vo Itage arid trans former
turns ratio. The only increase in appJ ied voltage as motor ccurr-en t decreases
with speed is the result of transformer regulation. However, in order to per­
form at constant power, the volt-:amp product must be constant w~rch requires
that above base speed the appl ied motor voltage must increase above the level
that normai transformer regulation would permit. It is possible to design a
transformer which has regulation characteristics such that at 100 percent
current the output voltage is 50 percent of the output voltage at 50 percent
current. Such a transformer would have extremely high copper losses and con­
sequentially a high heat generation rate. Therefore, the combination of low
efficiency and large cool ing group.size makes this option unattractive. The
preferred option is to control the appl ied motor voltage over the complete
speed range of the locomotive, thereby al lowing the transformer to be designed
for minimum load losses. Normal rai Iroad practice is to avoid this technique
because of the impact of prolonged operation at partial conduction on the sig­
nal I ing system and the relatively low power factor which results. Since most
of the electrification schemes proposed in the U.S., and certainly those pro­
posed in the WESS schemes, al low for the complete resignal I ing of the rai Iroad
(in most cases to el iminate dc track circuits which are incompatible with any
form of ac electrification), the signal I ing system wi II be designed to with­
stand the inteference resulting from prolonged operation at partial conduction.

The lower than normal power factor may be handled in two ways. Power
factor correction capacitors can be connected to the catenary (or onboard the
locomotive, if space permitted) to supply at least part of the reactive power
demand or, in the case of WESS electrification the flywheel machine can be over­
excited to a leading power factor to compensate for the locomotive's lagging
power factor.

Therefore, the locomotive performance, above base speed, wi II be determined
by the traction motor rating, the appl ied voltage being increased to match the
decreasing current, thus maintaining constant power as speed increases. The
characteristic of the D77 under these conditions is shown in Figure 2-9 and the
variation of motor voltage and current with locomotive speed is shown in Figure
2-10. From this characteristic the locomotive tractive effort-speed curve shown
in Figure 2-11 can be derived. Constant power is maintained to 61 mi le/h when
the voltage I imit of the machine is reached (reference 7) at 1300 v. Constant
voltage operation to 65 mi le/h results in the rapid fall in tractive effort
shown in Figure 2-11.

The performance characteristics and control requirements in the electric
motoring mode are now fully defined and the complete DML performance character­
istic is shown in Figure 2-12.
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It has already been shown that the continuous rating of the D77 traction
motor is 1050 Amps. This current can be uti I ized in braking provided that:

(a) the resistor grids I imitation is removed

(bl sufficient adhesion is available

(cl Commutation is adequate

During regenerative braking, the qrids are not used except for periods
when complete loss of contact between the pantograph and the catenary occurs.
This condition wi II only last at the most a few seconds (normal iy for less
than one second) and it is considered that the braking grids will be able to
withstand the high currents for this period (although this requires verifica­
t ion) •

The adhesion level assumed during braking is usually less than that. assumed
for motoring. As already pointed out the adhesion level assumed is a,question
of confidence and therefore in braking, with safety aspects to consider, ahigher
degree ot confidence is required. The adhesion level assumed in braking, is shown
in Figure 2-7 and represents a 12 percent reduction from the assumed motoring
adhesion. This is typical of the reduction with which rai Iroads throughout the
world feel comfortable.

The variation in braking effor~ with armature current is shown in Figure
2-13 which also shows that the higher the armature current, the higher the·
speed at which the adhesion I imi.tis reached. In order to determine the
armature current to be used .in'regenerati ve braki ng, it wi I I be necessary to
carry out tests on motors.,to determine commutation and thermal conditions.
Recommendations for these tests are contained in Section 7 of this report.

At the adhe s i on I imit twO options are available. Either the armature
c~crent can be corrtr-o l led to give constant braking effort to approximately 5
rn l le!h or it can be controlled such that the braking effort follows the adhe­
sion I imit as it increases with decreasing speed. A detai led design study wi II
det~rmine'the optimum system.

improved Control

As already referred to, the basic locomotive tractive effort is control led
on an "al I axle" basis, that is, to reduce or increase the tractive effort on
one axle requires a simi lar adjustment to all axles. There are benef l t srto be
gained from providing individual axle control to a locomotive, particularly an
electric locomotive with high power/weight and tractive effort potential/weight
ratios. This can be achieved by using seper-a'tet.v excited motors with individual
fie I d con tro I •
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The advantages of individual control of each axle in the electri~ mode
resu It from weight trans fer compensat ion, Iocomot ive weight reduct ion compen­
sat ion as consumable suppl ies are used, and the"abil ity to work at a higher
assumed adhesion level with the same confidence level as al I axle control since,
in the cese of ind iv iduo I ax Ie contra I, If one ax Ie s lips on Iy 116 of the toto I
troctive effort is lost ond this troctive effort con be quickly reoppl ied on
re-establ ishing astable condition. Figure 2-12 has already shown,however,
thot in motoring the DML, even the electric mode ot the higher performonce thon
the diesel mode is limited by the troction motor performonce ond not by odhesion
considerotions for the oxle lood ossumed in this study. Seporotely excited
motors, enabl ing higher adhesion levels to be assumed, wi 11 result. in the same
tractive effort being avai lable on a lower axle load. Recommendations for the
quantIti~ationof this are contained in Section 8. During regenerative brake,
Figure 2-13 hos shown thot the performonce is odhesion I imited below opproxi­
motely 25 mile/h (dependent on ormoture current) ond therefore odvontoges would
accrue tr()rri bei ng abl e to assume a higher adhesion Ieve I. 1n :regenerati ve
broking these odvontoges ore difficult to quontlfy since there ore mony externor
influences on the permitted broklng level:

(a) The head end broking I imit Is r ecommended to not exceed 200,000 Ib
and shou I d never exceed 240,000 I b (reference 4). This current Iy
I imits the number of locomotives employing dynamic broke ot the
head end to 4 SD40-2's. Figure2~13 showed thot by increasing and
rna Inta in ing the armature curr-orrt vto the present adhes ion lim it the
head end brake I imitation would be encountered with 3 DML's, there­
fore, raising the adhesion limitation would only be of benefit. in
the few cases where smal I trains with only two DML's were used.

(b) The rai lroad is extremely sensitive to safety matters and therefore
the institutional difficulties involved in raising the adhesion level
during broking would be expected to exceed the technical difficui­
ties in providing such a system.

(c) The WESS ROI is not part lcu larly sensitive to the va lue of the
energy saved, therefore, the improvement in energy recovery which
wou Id resu It from th is improved capab iii ty wou I d .pr-obab I y not
enhonce the savings sufficiently to justify the additional expen­
diture over and above the basel i ne case.

The additional hardware required for this modification compareQ to the
basel ine cose (such as individual field controllers) hos to be weighed against
the advantages of weight reduction and/or tractive effort increase. In the
interest of clority this study is restricted to the proven technology of the
series-field motor.

RECOMMENDATION

The AiReseorch recommendation is that the basel ine option should be odopted
at this stage, untl I the benefits of other systems hove been seporotely identi­
fied. Therefore, the remainder of the effort concentrates on the optimization
of this concept. .
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Selected Circuit

The selected circuit is shown in Figure 2-14 with the associated sequence
chart. Operation in the diesel mode is unaffected by the electric mode equip­
ment and the only modification to the diesel mode is the provision of a con­
tinuous gating signal to the braking thyristors (BTI-3*) during resistive brak­
ing. It is possible that these thyristors may not be required and could be
replaced bycontactors. Their purpose is to provide an instantaneous alternate
path for regenerated energy in the event of pantograph bounce. A more detailed
study of this problem wi I I determine whether there is a need for thyristors in
this appl ication.

MCOS is normally in the diesel mode position. Operation to the electric
mode position requires the detection of voltage at the auxi I iary winding of the
transformer which operates relays to inhibit the diesel mode relay and operate
the motorized switches MCOS. When voltage is lost at the auxil iary winding
MCOS automatically reverts to the diesel position.

Ouring electric mode dynamic brake BCOS operates from signals derived from
the operator's brake handle which in conjunction with the operation of MB&B
places al I the motor fields in series with the auxi I iary winding of the trans­
former, and the traction motor armatures in series paral lei with the thyristor
converter series bridges. Resistive or regenerative brake is then selected by
gating BTl-3 (which prevents Tl-8 from being gated) or not respectively.

MODIFICATIONS

For the selected circuit shown in Figure 2-i4, the modification required to
convert a standard SD40-2 into a DML can be described.

EQUIPMENT

The selected circuit identifies several items of new equipment which require
installation into the iocomotive:

Pantograph

Vacuum circuit breaker

Roof insulators

Roof busbars

Lightning arrestor

Ground switch

Primary overload current transformer

Main transformer

Thyristor converter

*The abbreviations that fol low are defined in Figure 2-14
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HCOS

Mcas

L

NOMENC lJITURE

Bcas

SYMBOL EQUI PMENT

SEQUENCE CHART
A So B Series bridges of thyristor conver te r

B Bra ki ngpower contactor
BCOS Brake changeover swi tch .. ,

II> II>
..". U\ -0 "" i= '" .....0 0 ..... .:r U\ .... U II> I- ....u u '" '" "" ii: '" '"BM Blower motor

:J:; "" :J:; II> II> ." ... ... ... ... ... "" > '" "" '"BT1-B13 Braking thyristor
GS Ground switch

L Smoothing inductor
LA Lightning arrestor DIESEL HODE
MB Motor/brake transfer switch SERI ES/PARALLEL •••MCOS Mode changeover switch

PARALLEL ••••••P Pantograph •••• • •••PM Pump motor RES ISTIVE BRAKE

POL Primary overload current transformer ELECTRIC HODE
PI",P6 Power contactors (parallel connect ion) SERI ES/PARALLEl • ••• .,
REV Reverser

PARAllEL • .. •• •• •• •Sl4 Power contactor (series connection) •• •• •• ••525 Power contactor (series connection) REGENERATIVE BRAKE

•• •• •• •• •• •S36 Power contactor (series connect i on) RES IS1I VE BRAKE
Tl-T8 Thyr istars
VCB Vacuum circuit breaker
1-6 Traction motors

-- ""

Figure 2-14. Selected Dual Mode Locomotive Power Schematic
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Field supply converter

Smoothing inductor

Braking thyristor

Pump motors

Contactors BCOS
- MCOS

Axle ground brushes

Stand-off insulators

Cable and conduit

The interface with the existinq power circuit has been I imited .to the
provision of MCOS, thereby insuring that all existing cabl ing downstream from
the main rectifier terminals can be util ized without modification since the
existing traction motor circuits wil I be uti I ized retaining the series/paral lei
trans i ti on.

CONTROL CIRCU ITRY

Clearly the DML must, in the electric mode, respond to the engineer's
commands as it would in the diesel mode, and for this reason several inter­
faces are required to take command and feedback signals and feed them to the
electric mode equipment. These signals are:

Power/brake

Notch pos i t ion

Wheel spin/sl ide*

Transition

In addition to the above, the converter control loqic wi II have current
and voltaqe feedback siqnals to enable closed loop control to be maintained
in the electric mode. The only interface required between the electric and
diesel mode control systems is the translation of the engineer's commands.

*In the electric mode wheel spin/sl ide protection may be independent of the
existiny SD40-2 system.
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SECTION 3

CONTROL REQUIREMENTS

The control requirements for the DML can be considered in. three parts­
interface with exisTing control scheme, control requirements' internal to the
electric mode equipment, and modification to the existing diesel mode control
system.

INTERFACE WITH EXISTING CONTROL SYSTEM

Throttle Position

The selected throttle position is translated to the existing throttle
response circuit .by usi,ngrelaysenergized singly or in combination. These
relays inturn produce an output from the throttle response circuit to which
the maln:alfe~nato~ fieldi 5 directly proportional and at S0. control the engine
speed by actuat;ingsolenoidswithin the engine speed governor. During electric
operation, it is necessary to run the engine at the speed equivalent to throttle
position in order to provide cool ing air to the traction motors. The feasibil­
ity and cost of install ing an electric blower to cool the traction motors-should
be in~e~t igated befor.c mak i ng a f I na l dec i s i on on th i s aspect.

The relationship between the throttle position, throttle response relays,
engine 'speed, and engine speed train I ines energized is shown in Table 3-1.
(references 6 and 9).

TARLE 3-1

ENGINE SPEED CONTROL TRAINLINES

Throttle Throttle Eng ine Train Lines
Position Relays Energized Speed Energ i zed

Stop D 3
i None 315 None*
2 A 395 15
3 C 480 7
4 AC 560 15, 17
5 BCD 650 i 3, 7, 3
6 ARCD 735 i 5, 12, 7, 3
7 BC 815 i2, 7
8 ARC 900 15, 12, 7

*None of the four "eng ine speed" tra i n lines

The electric mode equipment wl !l take the input from the four engine
speed trainl ines (3, 7, 12 and 15) and convert this into discrete maximum
voltage levels in asimilar way to the existing TH module in the diesel mode.
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This approach, taking the basic input signal, from train I ines, wi II enable
the electric mode equipment to be kept completely separate from the diesel mode
equipment and therefore wi I I minimize the impact on the rei iability of the loco­
motive in the diesel mode.

Wheel Spin/Si ide Protection

The existing spin/51 ide protection system compares traction motor currents
on different trucks to detect differential wheel sl ip. To detect simultaneous
wheel sl ip with motors in series/parai lei a bridge circuit is used. Wheel over­
speed protection appears to be the oniy method of control ling the unl ikely event
of simultaneous wheel slip at higher speeds. The electric mode equipment may
make use of the output signals from the existing spin/sl ide protection system
but corrective action by the reduction of power wi I I be optimized within the
normal characteristics of a thyristor control led locomotive such that tractive
effort Is immediately reduced and quickly ramped back to approximateiy 90 per­
cent of the or igina I va lue , the f Ina I 10 percent be ing ach ieved re Iat ive iy
slowly_ Thi? operation can tak~ place much faster on an electric locomotive,
since t.he'time constant of the main alternator is not a I imitingfactor.

Transition

Transition from series/parailel to al I paral lei operation is initiated by
the Forward Transition Auxiliary Relay. This relay wil I also be used to recal i­
brate the current/voltage charactetistic of the converter to insure that the
current output is the same before and after transition but the output voltage
doubles.

ELECTRIC MODE CONTROL

The detail of the electric mode control can only be finalized in the detail
design. However, fundamental parameters that can be identified are described below.

Throttle Position Response

The response to each throttle position wi I I be such that a constant DC volt
amp product is maintained above base speed. This product wi I I be increased in
steps of 12.5 percent for each throttle position to 100 percent (3216 kW) at
notch 8. Below base speed constant traction motor current, proportional to the
thrott Ie notch se Iected to a max imum of 1050 amps in notch 8, wI I I be ma i nta ined.

In order to provide for emergency conditions which may occur when a locomo~

tive consist has traction motors isolated and is stopped on an adverse grade
in the electric mode, an increased tractive effort switch wi II be avai lable to
the engineer (effective only in the electric mode) to al low operation into the
short term rating of the traction motor.

Power/Brake

With the selection of power or brake BCOS wi I I operate to connect the
motor circuits in the desired configuration. Interlocks on BeaS wi II insure
that correct operation has taken place. The control signal to effect this
changeover wi I I be der ived from the appropr iate tra i n I Ine (17).
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Durinq power operation thyristors T3, T4, T7 and T8 wi I I be continuously
qated to provide a freewheel inq path through the bridqe circuit. I nter locks
on RCOS can be used to determine the operation mode.

MODIFICATION TO DIESEL MODE OPERATION

The modification to the diesel mode operation has purposely been minimized
in order to avoid jeopardizing that mode of operation. However, certain modifi­
cations described below are unavoidable.

i~ode Se Iect I on

MCOS is normal J y in the diesel mode position and changeover only occurs
on detection of voltage at the transformer auxi I iary winding. At the end of
an electrified section, an electrical feed must be appl ied to MCOS to revert
the switch to the diesel mode. This can be accompl ished by the use of a single
r-el ey, In a detal led design study the impl icatlons of el iminating MCOS and
relying on the reverse biasing of the main rectifier to prevent -transformer
derived power circulating in the alternator circuits should be considered. A
non load breaking isolating switch wou.ld sti II be required for fault conditions.

Diesel Mode Dynamic Brake

The use of brak i ng thyr i stors BT 1-3 has a I read y been discussed. I f these
canponents are required it wi 11 be necessary to provide a permanent gating
siqna! durinq dynamic brake contro! and performance but would, if the rai Iroad
wished, provide a means of isolatinq faulty grids - a faci I ity not currently
avai lable. tl./hether this is required, or indeed desirable, wi II be decided
dur i nq deta i I des i qn ,

Q. '.
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SECTION 4

EQUIPMENT INSTALLATION

The original DML concept (Volume 2) had the transformer installed in the
short hood, and the converter and choke in the compressor compartment. This
configuration did not take into account the AAR Phase II Clean Cab, in which
the following modifications impacting the original DML concept have been made:

o Short hood lenqthened 7 in.

o Separate tai let compartment in nose with access door, floor
drain and outside air venti lator.

o Alcove in short hood for refrigerator/water cooler

o Recessed stairs into short hood

Clearly to compromise the clean cab concept would not be acceptable and it was
necessary therefore, to reconfigure the locomotive so that the clean cab layout
shown in Figure 4-1 was not affected. The revised general arrangement of the
UML is shown in Figure 4~2.

A visual inspection of the locomotive under frame has confirmed that the
secondary mode equipment may be installed without extensive modifications
being required. The transformer and choke designs wi II be such that they
are able to with.stand the longitudinal/lateral/vertical accelerations imposed
in traction duty, using only a bottom foot mounting which wi II locate on the
main longitudinals of the underframe.

Compressor Compartment Instal lations

The transformer and converter installation requires that the compressor
compartment be extended by approximately 3 ft. This can be accompl ished
without restricting the walkway around the rear of the locomotive or between
l ocomo t l ve s in a multiple consist. A minimum walkway width of 2 ft is main­
ta i ned ata II times.

Access to existin~ equipment (compressor, radiator group etc.) for normal
maintenance purposes is not affected by the new equipment. Compressor removal
is achieved in the usual way althouqh access to the front end of the compressor
is now more restricted and al I work would have to be accompl ished from either
side of the compressor. Removal of the radiator group may necessitate the
removal of the 50 kv roof bus in the area over the radiator group, a task which
should take no more than 10 minutes.

The removal of the sandbox to the guard rai I wi II make the task of fi II Ing
the sandbox easier- due to the fi II ing cap being at a lower height.
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Short Hood Compartment Installation

The removal of the sandbox from the short hood and its instal tation on
the guardrai I, coupled with an e~tension of the short hood al lows room tor
the installation of a choke up to 3.5 ft diameter and 5 ft high while still
maintaining an adequate walkway_ No maintenance functions are affected by
this modification.

Roof Instal lations

The roof equ i pment in sta I I at i on wi I I have I itt leimpact on the ex i st i ng
locomotive or its maintenance.
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SECTION 5

PRELIMINARY SPECIFICATIONS

Having identified the circuit to be used and the space avai lable within
the existing S040-2 locomotive, It is now possibie to produce specifications
for the performance, volume, and weight of the new equipment.

PANTOGRAPH

The only roof area avai lable to take the pantograph is located over the
cab. It has already been establ ished in Figure 4-1 that the height of the
reinforced platform for mounting the pantograph wi II be 16'. In order to meet
a static c l earance of 21 II (Reference 9) and .a creepage path of 60", insulators
described later in this section are required. The same insulators wi II be used
to support the copper bus bar between roof equipment in order to minimize spares
holdings at maintenance faci I ities.

The Pantograph Performance Specification is included as Table 5-1.

if it is found to be impossible to obtain a pantograph to fit the required
space envelope and working height criter fa, it wi II be possible to increase the
height of the reinforced platform, thus reducing the working height. This wi II
be subject to review as the design progresses. At this stage every effort is
being made to keep the overall heiglit of the locomotive as low as possible in
the diesel mode (with pantograph down), thereby reducing the probabi I ity of a
OML being restricted to operate only over routes with high vertical clearances.

Roof Bus

A roof bus is required to take the current from the base of the pantograph
to the vacuum circuit breaker, and from the breaker to the roof through bushing
leading to the transformer. The bus may be either rectangular copper bar or
copper tube. The si ze is dictated by mechan ica I strength rather than current
carrying capacity.

To avoid 'degradation of the bus material it must be either painted or
cadmium plated, with bare joints covered with protective grease.

Roof Insu Iators

The insulators required tomoun't'the'roof equipment are determined from
the electrical clearances required, as described in this section previously.
The insulators used to support the roof equipment wi I I be identical, and there­
fore the mechanical loading of the pantograph mounting insulators determined
the mechanical strength required. Table 5-2 shows the parameters to be met in
the roof insulators used on the DML.
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TABLE 5-1

DUAL-MODE LOCOMOTI VE
PANTOGRAPH PERFORMANCE SPECIFICATION

(PREL 1M INARYJ

DIMENSIONS

Maximum distance between mounting center (lateral) 5'0"

(longitudinal) 6'0"

Maximum height of assembly in housed position 6'0"

Maximum overal I width of assembly 2'0 11

Maximum overall length of assembly inhoused position 6'0 11

Nominal working height (measured from the top of the
mounting insulators)

7'3 11

Working hei.ght variation from nominal +6 11

WEIGHT

Target weight for complete pantograph assembly 500 I b

OPERATION

Maximum operating speed 70 mi Ie/h

Catenary type. simple

Number of pantographs in operation at one time 5

Upward force (over working height) 18 - 20 I b

Number of co I Iector str i ps 2 minimum

Maximum current at 50kV 100 amps

."

"

The pantograph shall be dropped automatically in the event of the collec­
tor str i ps becom i ng di sp Iaced. The pantograph sha I I be rai sed by air pressure
against spring force.
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TABLE 5-2

ROOF INSULATOR SPECIFICATION

Electrical

Static clearance (minimum)

Dry creepage path (minimum)

Basic impulse level

Mechanical

21 in.

60 in.

250 ,kV

Compression load 750 Ib

Tension load 100 I b

Canti I ever load 750 Ib

Fixing hole pattern top 4

bottom 4

Lightning Arrestor

There are two major types of I ightning arrestor available, the expulsion
and the valve types. Both the expulsion and the valve types perform the func­
tionexpected of I ightning arrestors. They are normally insulators, but they
become conductors of relatively low impedance during I ightning current surges.
They re-establ ish themselves as insulators after the I ightning current has
disappeared, and they will operate repeatedly. Thus, they do not interfere
with the flow of power in the system. The principal difference in the opera­
tion of the valve and the expulsion types of arrestors is the way in which they
dispose of the system power-follow current. In the valve arrestor, the follow
current is I imited by the device itself regardless of the system capacity. In
the expulsion arrestor, with its low arc voltage, the power-follow current is
determined principally by the system impedances.

In order to avoid excessive currents which could cause damage the panto~

graph, the valve type arrestor is recommended for use on the DML.

Ground Switch

The purpose of the ground switch is to insure that the roof equipment and
main transformer primary are at ground potential, thereby making the equipment
safe for maintenance inspections and the I ike. Since inspections of below roof
equipment can be carried out with the catenary. al ive it is essential that the
ground switch and pantograph isolating cock are interlocked such that:
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(a) With the isolating cock In the 'open' position the ground switch
is Jocked in the 'open' posi~Jon~

(b) When the ground switch is in the 'ground' position the Isolating
cock is locked in the 'i so rated' pas j t i on. A I so, it shou I d not be
possible to move the ground switch from the 'open' to the 'ground'
position unti I the air pressure in the pantograph air motor has
been reduced to a value wei I below that at which the pantograph
leaves the contact wire.

Provision shal I be made for locking the isolating cock in the 'open' posi­
tion by padlocks and for locking the ground switch in the 'ground' position by
pad locks.

Primary Overload Current Transformer

The primary overload current transformer (POL) is required to monitor
primary current so that a protective circuit can open the ves in the event of
an overload and to signal pantograph bounce, particularly during regeneration.
so that BT 1-3 can be gated to provide an alternate path for the regenerated
energy.

POL can be incorporated into the roof through brUShing, thus minimizing
the difficulties associated with mounting a current transformer around a 50 kV
supply.

Main Transformer

The main transformer is the most difficult of new items to f ltil nro the
existing locomotive and therefore a major portion of the desing effort of the
dual mode locomotive wi J I be centered around the design of the transformer.

The transformer has a continuous rating of 4200 kVA which Is matched to
the continuous rating of the six D77 traction motors and auxi liary circuits
which itsuppl les. It Is cooled using s i I leone fluid, force circulated by a
fully submerged pump, a technique which is novel by U.S. standards.

Inquiries have been made of the leading manufacturers of traction trans­
formers. Both EMD and GE have indicated that they are unable to supply a
transformer to meet the stringent volume and weight reqUirements. The trans­
former outl ine shown in Figure 4-2 is based on a transformer design proposed
by a leading overseas traction company which has many years of experience
providing traction transformers at low weight and volume and is the world's
largest suppl ier of 50 kV traction transformers.

Thyristor Converter

The thyristor converter consists of two series bridges, each one being
fu I IY contra i led. Each arm of the br Idge conta Ins four thyr istars in para lie I
giving a total of 32 thyristors which wi 11 be oi I cooled using the transformer
cool ing oi I.
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Field Supply Converter

The field supply converter Is a half control led thyristor bridge and is
used to supply field power to the traction motors during .dynamlc brake In the
electric mode. The conver-ter is required to output up. to 1000 amps at approxi­
mately 100 volts DC. Only one device per arm is required and the two thyristors
wj J I, if possi ble I be the same as those used j n the rna in converter. An invest i ga­
tlon wi I I be carried out to ascertain whether the diodes used in the locomotive's
exis,ting main rectifier would be suitable for this application,agai,n minimi:z;ing
the necessary spares holding.

Smoothing Inductor

The smoothing inductor is required to ensure satisfactory commutation of
the traction motor over the complete range of traction motor current. The
ripple content at which the traction motor can operate wi I I need to be deter­
mined by testing,:and from this the inductance value can be determined.

However, a survey of smoothing inductors used in simi Jar appl ications has
revealed the data shown in Table 5-3.

TABLE 5-3

SMOOTHING INDUCTOR SIZES

Smoothing Inductor
Frequency Volume per motor Spec i fie Vo I ume

Locomotive Hz ft3 kw/ft3

GEC Class 87/0 50 6 625

GE E42C 60 10 298

DML 60 9.33 319

It wi I I be seen that the vo Iume a I lowed for the smooth Ing Inductor In
Figure 4- is compatible with existing equipment. Final characteristics of
inductance and dimensions must await the results of traction motor tests.

Braking Thyristors

The braking thyristors (BT 1-3) are required to handle up to 1000 amps at
1400 V. This duty can be met by a single device and, in order to minimize the
spares holdings 8Tl-3 wi I I, if possible, be the same device as main thyristors
Tl - T8.

Pump Motor

The oi I pump is required to circulate oi I around the transformer and
converters and should be fully submerged and cooled by the transformer oi I.
The motor wi I I be a single phase capacitor start and run type, protected by
a circuit breaker probably mounted on the transformer.
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SECTION 6

COST VERIFICATION

STATEMENT OF WORK

Based on the design study reported in this document certain modifications
to the previously publ ished Statement of Work (Volume 2, Appendix A) are neces­
sary and are described below.

PREPARATORY WORK

The fol lowing preparatory work is required before the installation of new
equipment:

Bal iast

Where possible, the locomotives selected for this modification wi I I com­
pr ise the light under frame mode I with I itt Ie or no ba I Iast to be removed. How­
ever, as necessary, for heavy frame locomotives, bal last may need to be removed
in order to meet axle load limitations. The weight of the transformer is esti­
mated at six tons and the converter and choke at one ton each.

Sandboxes

The sandboxes at each end of the locomotive are to be repositioned on the
quard rai I (simi lar to the OD-40-X locomotive). The associated sand del ivery
pipes to each truck and pneumatic connections are to be rerouted and extended
as necessary to be compatible with the repositioned sandboxes.

Short Hood

The short hood is to be cut off at the minimum length to faci I itate the
mounting of the smoothing choke. A protective gri II is required around the
choke.

Cab Roof

The cab roof requires strengthening to provide adequate support for the
roof equipment (pantograph, circuit breaker, etc.) and to afford protection
for the crew In the event of a mishap invoiving damage to the pantograph.

MAJOR ELECTRICAL EQUIPMENT

The following equipment wi II be supplied to the rai Iroad for installa­
tion on the locomotive:

a. Ropf equipment

b. HT cable
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c. Transformer

d. Converter

e. Smooth i ng choke

f. Mode changeover switches

g. Brake changeover switches

h. Oi Ilair heat exchanger

i. Automatic power control equipment

ROOF EQUIPMENT

Instal I pantograph mounting feet insulators, roof bus and insulators, and
lightning arrester(s). Install pantograph and pneumatic air pipe to panto-
graph air system. Install vacuum circuit breaker.

MAIN TRANSFORMER

Install transformer mounting feet and mount transformer. Make HT connec­
tion.

COMPRESSOR COMPARTMENT

Instal I mountings for transformer and thyristor converter and mount the
equ i pment.

CABLES

Provide cable connection between converter output and smoothing choke,
rated at 6000 amp continuous.

Run cables from choke and output of converter to supply changeover switch
located in electrical cabinet.

Run cables to dynamic brake grid compartment from stabi I izing resistor
thyristors and smoothing choke.

DYNAMIC BRAKE GRID COMPARTMENT

Connect stabil izing resistor cables to existing dynamic brake grids and
install braking thyristors.

TRUCKS

Wei d automatic power control (APC) receiver mounting bracket to truck
frame and mount APC receiver. Provide interface control wiring between APC
receiver and pantograph control circuit.

6-2

.,



CONTROL FUNCTIONS

lnsta'[ I mode changeover and brake changeover switches in electrical cabinet.

Instal I pantograph control equipment.

Mi see I Ianeous corrtro I system modi t i cat j ons are requ i red to ensure an eng i ne
speed of 900 rpm under electric power demand and to inhibit resistive brake when
the pantograph is raised thereby biassing the electric brake system to the
regenerative mode.

COMPLETED LOCOMOTiVE

Weigh locomotive to establ ish each wheel load and ballast as necessary.

COST ESTIMATE

. A leading remanufacturer of locomotives assisted in this study by estimat­
ing that the labor content for this modification would be 5000 hours per loco­
motive. A rai Iroad cooperating in the study indicated that at Apri I 1978 price
levels the labor rate (including fringe benefits) to be used in this type of
project is $10.48, which, at May 1977 price levels becomes $9.70 using previously
agreed inflation index tor labor of 8 percent per annum. Therefore, the cost to
the rai Iroad of converting an SD40-2 locomotive to the DML configuration, at the
same time as they overhaul the locomotive would be $48,500 plus major electrical
items.

Transformer

As previously indicated the leading U.S. locomotive manufacturers have
stated that they are unable to design and bui Id a traction transformer of the
required rating to meet the volume and weight restrictions imposed by the DML
des iqn , Overseas manufacturers .were approached to establ ish the state of the
art overseas, particularly those 5uppi lers with a proven record in traction
transformer design at 25 kV and 50 kV, designed to be accomodated in I ight­
weight locomotives generally having a smaller loading gauge than that of the
U.S. Formal quotations in response to the AiResearch transformer specifica­
tion confirmed a transformer price of $50,000 (1977) although this price is
subject to the fluctuating value of the dollar.

Roof Eguipment

The pantograph needed for this appl ication must occupy the minimum length
of roof because of the I imited space avai lable. To meet the requirement a
cross arm pantograph is proposed at $9,660 each.

The high voltage circuit breaker wi II be of the vacuum type in the interest
of space minimization and, wi II include the grounding switch, at $17,304.

The above prices have been confirmed by formal quotation from a leading
suppl ier of such equipment.
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Element

Roof EquIpment

Tr ens tcrmer-

Converter

SmoothIng Choke

Mi see I I aneous

Labor

*Conflrmed by formal

TABLE 6-1

DUAL-MODE LOCOMOTIVE COST

Cost (1977 $)

$30,000*

50,000*

60,000

5,000

24,000

48,500*

TOTAL $217 ,500

quotation.

Total Cost

The tota I cost of the mod If Icat Ion Is shown. In Tab Ie 6-1 to be $217,500
from which it can be determined that $128,500 (59%) of the total cost estimate
has been independent Iy ver If ied by experts In that part j eel ar..f i e Id. The major
remaining item, the converter, is a component simi lar to one which AiResearch
has previously suppl ied at a similar cost per kW. It appears therefore that
only $29,000 (13%) of the cost (of which $24,000 Is miscellaneous). remains
unconfirmed.

It is concluded therefore that the DML cost of $217,500 is real istlc.
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SECTION 7

COMPONENT TESTING

During this prel iminary design study, certain areas have been identified
where it is considered that testing is either necessary or desirable in order
for the design to proceed with confidence.

TRACTION MOTORS

The fol lowing aspects of the traction motor require an investigation which
can best be carried out by testing:

(a) Operation at 1050 amps continuous

(b) Operat ion at 536 kW cont inuous over a wide speed range.

(c) Performance on an ac rectified supply

• heating

• commutation

• smoothing

(d) Smoothing inductance required for satisfactory operation.

The above may be investigated at the same time by one set of tests.
The common method of load testing motors by the electrical supply of losses
(Hopkinson method) would not be suitable for. these tests since the dc supply
from the generating motor would overwhelm the rectified ac supply.

The test would involve one machine (although results could be corroborated
on other machines) and consists of a transformer and phase delay rectifier
(PDR) feeding up to 1300 vdc to the traction motor. The complexity of the PDR
wi II be minimized by control I ing voltage from 0 through 1300 vdc in one bridge.
Traction motor loading would be accomplished by using a brake wheel to accurately
measure the output of the traction motor under specific input conditions.

The base J i ne reference po j nr for these tests wi I I be the performance of
the motor when suppl ied by a dc supply (that is a multiphase rectified ac supply)
operating at 356 kW (the power level used in the 5040-2 now).

EXISTING LOCOMOTIVE DYNAMIC BRAKE GRIDS

It may be necessary to direct ful I regenerative braking current into the
dynamic brake grids as already described. The grids are continuously rated
for 700 amps, but may be necessary to pass higher current through the grids (up
to 900 amps dependent on the braking rate chosen). Therefore it is necessary
to determine that the grids can pass this current for short periods (1 - 5 secs)
repeatedly without breakdown or overheating.
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It is recommended that a set of grids from a locomotive be tested using
equipment from the traction motor test referred .to above. The use of braking
thyristors_wi II not be necessary since for the purpose of this test a contactor
can be used.

TRACTION MOTOR REGENERATIVE BRAKING CURRENT LIMIT

The traction motor current I imit during regenerative brake wi I I need to
be establ ished if a braking level in excess of that now used is to be obtained.

With the completion of the above tests al I technical information wi I I be
avai lable to make a final decision regarding the performance of the DML.

CHANGEOVER SWITCHES

The current carrying/breaking capacity of the existing motorized switches
used in the EMD locomotives should be examined to determine whether these
switches can be used for MCOS and BCOS without modification.

TRANSFORMER

Since the use of si I icone fluid is largely unproven in U.S. rai Iroad
appl ications, an evaluation program should be initiated to determine the
coolant/electrical characteristics of the fluid. Prior to installation of
the transformer a ful I load test should be undertaken to confirm design data.
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SECTION 8

CONCLUSIONS AND RECOMMENDATIONS

The completion of the dual-mode locomotive design study has resulted in
a more precise quantification of modification costs and a verification of
operational advantages. On this basis, since the dual-mode locomotive is a
key element of the WESS concept, the deployment of WESS on actual routes of
U.S. rai I roads continues to appear economically attractive. In addition, by
virtue of the higher power available to the rail from the dual-mode locomotive
in the electric mode, the DML has been shown to provide cost advantages to
railroads by the use of dual-mode locomotives with electrification of rul ing
grades to minimize locomotive consists. The specific conclusions and recommen­
dations of the three month dual-mode locomotive design study are given below.

CONCLUS IONS

1. The DML is technically feasible and has a significantly enhanced
performance in the el ectr i c mode.

2. The modification of the SD40-2 can be accompl ished without
degrading the rei iabil ity of the locomotive in the diesel mode.

3. Secondary mode equipment is readily available within the state of
the art for high voltage ac electric traction.

4. The main transformer was shown to be the most critical component of
the DML. It has been established that this tranformer is within the
state of the art for overseas manufacturers even though U.S. suppl iers
are unable to meet the unusually stringent requirements of the DML.

5. The DML is economically attractive at $217,500, this being less
than the cost of an electric locomotive.

6. AI I major cost elements have been con firmed by quotat ion from
experienced manufacturers and therefore the WESS concept remains
economically attractive.

7. The DML can be used as a means of progressively e l ec t r l f vinq a ral 1­
road route and therefore can avoid the need for a large initial
capital outlay.

RECOMMENDATIONS

1. A detail design study of the DML concept should be promptly initiated
to enable a hardware procurement package to be assembled as recommended
in Section 6, Volume 2 of this report.

2. The component testing described in Section 7 should be promptly
initiated and used as an input to the detail design study.

3. The appl ication of separateiy excited motors to the DML should be
analyzed to determine whether a significant benefit could be real ized.

,
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